Martensite aging effects, e.g., martensitic stabilization and rubberlike behavior, have attracted considerable attention in the past decades. It is known that martensite aging effects can be quickly eliminated once the aged martensite is brought into the parent phase even for a very short time, i.e., the annihilating effect of martensite aging ͑AEMA͒. However, the underlying mechanism of AEMA remains unclear due to the lack of an effective tool to probe the atomic processes during AEMA. It is unclear ͑1͒ whether AEMA is caused by a mere diffusionless transformation into the parent phase or by a diffusional process in the parent phase and ͑2͒ why long-time aging in martensite can be so easily eliminated in the parent phase. In this paper we use combined molecular-dynamics and Monte Carlo simulations to show that the origin of AEMA is related to atomic diffusion in the parent phase, not merely the reverse phase transformation. The open structure in the B2 parent phase and high-temperature result in a significantly higher diffusivity of point defects in the parent phase compared with that in the martensite; this explains the ultrafast annihilation of martensite aging. We attribute the driving force of AEMA to the symmetry-conforming short-range ordering tendency of point defects.
I. INTRODUCTION
Many martensitic alloys exhibit a stabilization effect ͑i.e., an increase in the reverse martensitic transformation temperature͒ ͑Refs. 1-4͒ and a rubberlike behavior ͑i.e., a recoverable twinning deformation͒ ͑Refs. 4-6͒ after aging in the martensite state. Such martensite aging effects have attracted attention in the past decades from both scientifically and from the applications of shape memory alloys, where such effects need to be taken into account. There is also a wellobserved conjugate phenomenon: the annihilation effect of martensite aging ͑AEMA͒, which refers to the very fast disappearance of martensite aging, once the aged martensite experiences a reverse transformation into the parent phase. 3, 4 To be specific, martensitic stabilization means that martensite is more stable with aging so that the reverse-transformation finish temperature ͑A f ͒ increases with aging. However, once the stabilized martensite experiences a brief heating to the parent state ͑above the increased A f ͒ followed by cooling back to martensite state, the previous aging effect is completely removed and the system recovers the unaged martensite state with the A f temperature restoring the unaged value. With further aging in the martensite state, martensitic stabilization reappears. As a brief heating to the parent phase can quickly eliminate martensite aging, AEMA has been routinely utilized to remove the martensite aging effect and to bring the sample into the fresh martensite state.
The underlying mechanism of AEMA has remained a puzzle so far, due to the lack of an effective tool to probe the atomic processes during AEMA. It is unclear whether AEMA is caused by a mere diffusionless transformation into the parent phase 7 or by a diffusional process in the parent phase. 4, 8 Moreover, experimental observations also show that AEMA is complete even by soaking the sample to the parent state for a very short time; 4 e.g., in a Au-49.5 at. % Cd alloy, the martensite aging, which is built up over a rather long time of 5400 s at 298 K, can by simply erased by heating the sample to the parent phase ͑at 324 K͒ and soaking for only a few tens of seconds. 4 It is noted that the relative small difference in the martensite aging temperature ͑298 K͒ and parent aging temperature ͑324 K͒ cannot fully account for such a large difference in the martensite aging rate and its annihilation rate. It is unclear why the aging effect, accumulated over a long time in the martensite state, can be so easily eliminated in the parent phase.
In this work we try to answer these questions by a combination of molecular-dynamics ͑MD͒ and Monte Carlo ͑MC͒ simulations which we have previously used to reproduce martensitic stabilization. 9 We first reproduce AEMA by this hybrid atomistic approach and our analysis further reveals that the fast recovery of short-range configurations of point defects is responsible for AEMA. That is, the AEMA behavior is caused by the diffusion of point defects in the parent phase, not by a mere diffusionless martensitic ͑or reverse phase͒ transformation. Through the calculation of average diffusion coefficient of point defects in both martensite and the parent phase, we find that the mobility of point defects is related to both crystal structures and the temperature of the system. The open structure in the B2 parent phase and high temperature make the diffusivity of point defects in the parent phase much higher than that in the martensite. This leads to the fast annihilation of martensite aging. Finally, we propose that the thermodynamic driving force for atomic diffusion in the parent phase arises from the requirement of symmetry-conforming short-range ordering of point defects.
The layout of this paper is as follows. In Sec. II, we introduce the simulation method and procedure. Section III presents the simulation results where we investigate the variation in A f during martensite aging process and the sub-sequent deaging or annihilation process, in relation to the possible change in short-range order ͑SRO͒ and long-range order ͑LRO͒. In Sec. IV, we then discuss the kinetic and thermodynamic reasons for the fast annihilation of martensite aging in the parent phase and Sec. V summarizes our main results.
II. SIMULATION METHOD AND PROCEDURE
As AEMA involves both diffusionless martensitic ͑or reverse phase͒ transformation and possible diffusional aging and deaging process, we use a combination of MD and MC methods in the present study. The "fast" martensitic transformation is studied by MD simulations and the "slow" atomic diffusion process during aging/deaging is simulated by the MC method. Such a method has been used to simulate martensitic stabilization effect in our previous work, 9 and has proved to be effective. Details of this method should be referred to in Ref. 9. Since it is experimentally known that both AEMA and martensite aging effects are strongly dependent on point defects, 4, 10 we established a A 55 B 45 -type B2 structural binary alloy as our model material in which 5 at. % of A atoms were introduced in the ␤ sublattice ͑occupied by B atoms͒ as the antisite point defects ͑ASDs͒. The initial unit cell with B2 structure was constructed in a cubic box containing 221 184 atoms ͑121 652 A atoms and 99 532 B atoms͒. To avoid the existence of a free surface, periodic boundary condition was imposed in all three dimensions of the supercell.
To clarify whether the origin of AEMA behavior is merely related to the diffusionless transformation into the parent phase or caused by a diffusional process in the parent phase, we design our simulation procedure as shown in Fig. 1 . Stage 1-2, where no parent phase diffusion is allowed ͑as the soaking time in the parent phase is 0 ps͒, is to test if a mere reverse transition to the parent phase can erase the martensite aging established in stage 1; stage 3-4, where the system is allowed to stay in the parent phase for a short period of time, is to test if diffusion in the parent phase is responsible for the annihilation of martensite aging.
To start our calculation, we use both MD and MC method to prepare a well aged or equilibrium parent phase at a relative temperature 0.54 ͑above A f ͒. In stage 1, we first cooled down this well-aged parent phase to a relative temperature 0.34 ͑below M f ͒ to obtain a fresh martensite ͑with MD͒, and then the system was allowed to evolve by MC to yield a well-aged martensite. In stage 2, we first up-quenched the well-aged martensite to the parent phase ͑at temperature 0.54͒ and immediately down-quenched to martensite ͑at temperature 0.34͒, and followed by another martensite aging stage. Through the change in A f and the evolution of atomic distribution in stages 1 and 2, we can detect whether AEMA can occur by a mere diffusionless transformation. In stage 3, we first heat the well-aged martensite to the parent phase ͑at temperature 0.54͒ again. Instead of immediately cooling down as in stage 2, the parent phase was aged at temperature 0.54 for a short time. Finally, in stage 4 we cooled the aged parent phase down to martensite ͑at temperature 0.34͒ and then aged the martensite so obtained. Through monitoring the change in A f and the evolution of the atomic distributions in stages 3 and 4, we can confirm whether AEMA is caused by the aging or diffusional process in the parent phase.
It is noted that among the above four stages, all the heating and cooling processes, or the diffusionless martensitic transformation processes, were simulated by MD method, and all the aging processes ͑the diffusional processes͒ were simulated by MC method. The MD calculations were based on the Parrinello-Rahman scheme, 11 and the isothermalisobaric ensemble was adopted in the calculation. As there is no change in average structure during the aging process in both martensite and the parent phase, 6 canonical ensemble was used during the present MC simulation, which is based FIG. 1. ͑Color online͒ Schematic illustration of the whole atomic simulation procedure. In the equilibration stage the system is held in the parent state for sufficient time to establish an equilibrium state of the parent phase. Stage 1 denotes the martensite aging process, where the well-aged parent phase was quenched to get a fresh martensite and then aged in martensite. In stage 2, the system first experiences a "flash" martensite-parent phase-martensite transformation cycle ͑i.e., no aging is performed in the parent phase͒ and the martensite formed by this flash treatment is aged again. In stage 3, the system is heated up to the parent phase and then aged for a short time in the parent phase. In stage 4, the aged parent phase in stage 3 is cooled down to martensite and the subsequent martensite is aged again.
on the classic Metropolis algorithm. 12 A simple 8-4 LennardJones potential, 13 which has been successfully used to simulate a generic martensitic transformation ͑B2 to L1 0 Љ, which is a pseudo-orthorhombic structure͒, [13] [14] [15] was used in both MD and MC simulations. Besides, the normalized temperature and lattice constants were applied for both MD and MC simulations.
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III. RESULTS
A. Detection of possible AEMA in two different processes:
A mere reverse transformation and a reverse transformation with parent aging
As AEMA refers to the removal of martensite aging effect, we can detect the existence of AEMA by monitoring the change in A f temperature relative to the unaged martensite. Based on the same method as in our previous work, 9 we can obtain the changes in A f with aging in stages 1, 2, and 4, and the results are shown in Fig. 2 . Stage 1 refers to the change in A f of the fresh martensite with aging. The inset shows the reverse phase transformation involves a structure change from an orthorhombiclike structure to B2 structure. It is found that A f increases with MC steps and saturates above 12 000 steps. This result is in good agreement with the wellobserved martensitic stabilization in experiment. 17 When the above well-aged martensite undergoes an abrupt up-quench to the parent phase followed by an immediate down-quench back to the martensite phase ͑i.e., avoid aging in the parent state͒, it is found that A f of this "second stage martensite" keeps the same value as the well-aged martensite in the first stage, and further aging does not change this A f , as shown in stage 2 of Fig. 2 . This means that a mere diffusionless transformation cycle L1 0 Љ-B2-L1 0 Љ cannot cause the AEMA.
Having confirmed that a mere diffusionless transformation cycle cannot cause the AEMA, we designed a diffusionless reverse transition plus a brief parent aging process, as shown in stage 3 of Fig. 1 , where the well-aged martensite is up-quenched to the parent state and soaked for a short period of time and subsequently down-quenched to the martensite again and the A f temperature of this newly formed martensite is monitored in stage 4 of Fig. 1 . The result is shown in stage 4 of Fig. 2 . We can clearly see that after aging in the parent phase for a short time ͑stage 3 in Fig. 1͒ , martensite aging is eliminated: first, the A f temperature almost restores the same value as that of the fresh martensite in stage 1; second, the A f vs aging-time curve is quite similar to the martensitic stabilization of fresh martensite in stage 1, i.e., A f increases with aging time in martensite and becomes saturated at long time ͑MC steps͒. Therefore, AEMA arises from the short-time aging in the parent phase ͑stage 3 of Fig. 2͒ .
B. Atomic diffusion behavior during martensite aging and deaging process
From the above results it is clear that the AEMA is closely related to aging in the parent phase, not the phase transformation itself. This parent aging process that erases the martensite aging is usually called "deaging" process. Therefore, it is natural to ask what happens during this process at the atomic level. Clearly one can anticipate the parent aging is related to certain atomic diffusion process. For an ordered alloy such as B2 ͑the present case͒, atomic migration may cause two possible consequences: ͑1͒ a change in LRO parameter and ͑2͒ a change in SRO parameter. 18 Now we try to answer which one is responsible for the parent aging.
In the present work, LRO ͑Ref. 19͒ is defined as L =
, where r ␣ is the fraction of ␣ sublattice occupied by appropriate atoms ͑A atoms͒; x A is the mole fraction of atom A in the alloy. Figure 3 shows the evolution of LRO during the whole aging process in our simulation. It is clear that L = 1 and it does not change during the aging process ͑stages 1-4͒. This means that there is no change in the average structure during the process of both martensite aging ͑stage 1, 2, and 4͒ and the parent phase aging ͑stage 3͒. This result is also consistent with the experimental observation that no LRO change occurs during the aging process in both phases. 6 In addition, the lack of variation in LRO also indicates that the effective atomic diffusion only takes place within the same sublattice ͑␤ sublattice͒ of the ordered martensite, not between ␣ and ␤ sublattices. It can be further deduced that the diffusion of point defects within the ␤ sublattice plays an important role in both martensite aging and AEMA behavior.
To denote the diffusion behavior of point defects in the ␤ sublattice, we define the SRO ͑Ref. 20͒ as s lmn =1−
, where lmn denotes the coordinates of the interatomic vector between sites i and j; the conditional probability P i D ͉ j D is the probability to find an ASD at site i if there is an ASD at site j; x D is the atomic fraction of ASDs. Figure 4 shows the evolution of SRO of point defects at the nearest sites along x, y, and z ͑i.e., ͓100͔, ͓010͔, and ͓001͔͒ directions of the ␤ sublattice with aging during the whole aging process. Stage 1 of Fig. 4 shows the variation in defect SRO in fresh martensite with martensite aging. We found that the SRO vs aging time curve coincides with the A f vs aging time curve ͑i.e., martensitic stabilization curve, stage 1 in Fig. 2͒ . The initial values of defect SRO along x, y, and z directions are almost the same in fresh martensite; however, the SRO values along the above three directions gradually deviate and finally saturate at long aging time.
Stage 2 of Fig. 4 shows the SRO of the martensite that has experienced an abrupt diffusionless transformation cycle from a well-aged martensite ͑stage 2 or Fig. 1͒ . It is noted that during such a diffusionless transformation cycle in stage 2, SRO remains unchanged from the previous value of the well-aged martensite ͑stage 1͒ and such a value does not change with further martensite aging. Such behavior coincides with constant A f for stage 2 ͑Fig. 2͒. It means that a mere diffusionless transformation cycle does not change the SRO configurations of the well-aged martensite and hence does not eliminate the martensite aging effect.
Stage 3 of Fig. 4 refers to the evolution of SRO during aging in the parent phase. It is found that a short time ͑ϳ100 MC steps͒ aging in the parent phase is sufficient to "rectify" the SRO that is established during much long aging ͑about 12 000 MC steps͒ in the martensite state and recover the SRO of the well-aged parent state ͑or fresh martensite͒. This indicates that the rearrangement ͑or diffusion͒ of point defects in the parent phase is much faster than that in the martensite state, being consistent with experiment. 4, 8 Stage 4 of Fig. 4 refers to the change in defect SRO in the martensite phase after the system has experienced aging in the parent phase. We found that the SRO curve coincides with the reestablishment of stabilization effect ͑stage 4 in Fig. 2͒ . With aging in martensite, the SRO values along x, y, and z directions become different again, and finally saturate at large aging time. This is quite similar to that of martensite aging in fresh martensite. From the results in stages 3 and 4, we can further conclude that AEMA stems from the fast recovery of SRO state of point defects in the parent phase.
IV. DISCUSSION
A. Why can martensite aging effects be so easily eliminated in the parent phase?
The most interesting finding in the SRO evolution ͑Fig. 4͒ in comparison with the annihilation of martensite aging ͑Fig. 2͒ is that AEMA is associated with a very fast recovery of SRO to the equilibrium value of the parent phase. Compared with the equilibrium SRO of martensite which needs Ͼ12 000 MC steps to reach ͑i.e., the martensite aging process͒, the equilibrium SRO of the parent phase needs only ϳ1 / 100 of the time to establish ͑i.e., the deaging process, stage 3 of Fig. 4͒ . Such a big difference is consistent with well-known experimental fact that martensite aging usually requires hours or even days to establish but it can be simply removed by soaking the sample in the parent state for even tens of seconds. Now Fig. 4 tells that this ultrafast deaging effect is related to a fast evolution of SRO in the parent phase. Thus the central question is why the SRO evolution or diffusion can be so fast in the parent phase as compared with that in martensite state. In this section, we shall answer this question by calculating the average diffusion coefficient in both martensite and parent phase.
The conventional method of determining the atomic diffusion coefficient at thermal equilibrium through computer simulations is to observe the mean-square displacements ͑MSD͒ of tracer atoms. 21 The diffusion coefficient of one point defect can be estimated by observing the mean-square displacement as a function of time,
where R d 2 ͑t͒ represents the total mean-square displacement of this point defect after a time t. Since all point defects may be viewed individually as tracers, the average diffusion coefficient of point defects is calculated in the same way from
where R d 2 ͑t͒ denotes the average mean-square displacement of all the point defects at time t with
Here N d is the total number of point defects in the system, and r d,k 2 is the mean-square displacement for the kth point defect, which can be described as
where ͉r d,k ͑t͒ − r d,k ͑0͉͒ is the vector distance traveled by the kth point defect over the traced time interval. We note that, the above method is also used to study the diffusion coefficient in an order-disorder transformation by means of MC methods, 21 and the determined diffusion coefficient of point defects is the average diffusion coefficient of the crystal in all directions. Figure 5 shows the time evolution of the averaged meansquare displacement of the point defects R d 2 ͑t͒ in both martensite and the parent phase based on Eq. ͑3͒. Here, the mean-square displacement is scaled by the square lattice constant of B2 structure of parent phase ͑a 2 ͒ and the time is represented by number of MC steps ͑MCS͒. It is noted that there is a very large difference in the MSD curve between martensite and parent phase with parent phase showing a significantly faster diffusion rate than in the martensite. Although the difference in temperature ͑T = 0.34 for martensite and T = 0.54 for the parent phase͒ may partially account for such a difference, we shall show below that the structural difference between martensite and parent phase can create a big difference in the diffusivity and thus contribute a large part in very different rates between martensite aging and deaging ͑in the parent phase͒.
To compare the diffusivity in the parent phase with that in martensite, we calculated the diffusion coefficient of point defects at a given temperature by Eqs. ͑2͒-͑4͒. Since Eq. ͑2͒ is only valid in thermal equilibrium, we use the linear part of the MSD curves of where ⌬H is the activation energy, k B is the Boltzmann's factor, and D 0 is a prefactor related to attempt frequency and the intrinsic nature of a lattice. 23, 24 The most notable result in Fig. 6 is that there exists a "jump" in the diffusivity at the transition temperature T c , with a significant increase in the diffusivity when martensite is transformed into the parent phase. Clearly, this significant enhancement of diffusivity when martensite is transformed into the parent phase is largely responsible for the ultrafast AEMA or deaging. In addition to this structural effect on diffusivity, the high temperature in the parent phase also contributes to the fast AEMA or deaging, but it seems that the structure difference is the fundamental cause, as experimentally it has been found that martensite aging even near T c ͑or M s ͒ is still significantly slower than the deaging ͑or parent phase aging͒. 4 As D 0 and ⌬H are independent of temperature, they are used to characterize the intrinsic diffusion ability of a system. Here we use these two parameters to quantify the difference in intrinsic diffusion ability between the parent phase and martensite. From the Arrhenius plot in Fig. 6 , D 0 is found to be 9.57 ͓a 2 ͑MCS͒ −1 ͔ and 2.27 ͓a 2 ͑MCS͒ −1 ͔ for the parent phase and martensite, respectively; ⌬H is found to be 3.91 and 3.47 for the parent phase and martensite, respectively. We note that the parent phase has a D 0 4.22 times as large as that of martensite and has about 13% higher ⌬H. Such a difference is likely to be related to the open and high-symmetry structure of the parent phase, where more equivalent sites exist, which results in more effective jumps of point defects. It is clear that such intrinsic difference in diffusion ability causes a discontinuous change in the diffusivity at martensite-parent transition temperature T c .
B. Possible driving force for the diffusion of point defects during aging in the parent phase?
Our results showed that short-range redistribution of point defects during the parent phase aging is responsible for the ultrafast AEMA behavior. However, thermodynamically, it remains to be answered as to what is the driving force for such short-range-order redistribution of point defects in the parent phase. In this section, we will show that the driving force stems from a symmetry-conforming SRO ͑SC-SRO͒ tendency of point defects. 6, 25 The SC-SRO model states that the symmetry of shortrange-order configuration of point defects should conform to the symmetry of the crystal lattice when in equilibrium. Accordingly, if the symmetry of short-range-order configuration of point defects does not follow the symmetry of crystal lattice, the free energy of the system will be high. To reduce the free energy of the system, point defects will exchange their positions in order to follow the symmetry of the crystal lattice.
For the well-aged martensite in the present calculation, the SRO values should be different in the ͓001͔, ͓010͔, and ͓100͔ directions as the structure of martensite is orthorhombic. When the well-aged martensite transforms into the parent phase, the SRO configurations of point defects are inherited by the parent phase due to the diffusionless phase transformation. However, according to the SC-SRO model, the inherent SRO configuration of point defects is not a stable configuration any more as the lattice symmetry of the parent phase becomes cubic. The symmetry difference between the SRO configuration of point defects and crystal lattice in the parent phase provides a driving force for the diffusion of point defects in the parent phase, which results in the AEMA behavior. A more detailed and quantitative analysis of the driving force for the AEMA will appear elsewhere. 26 Interestingly, similar annihilation effect has been found not only in ferroelastic ͑martensite͒ materials but also in ferroelectric materials. The "deaging phenomenon" in ferroelectric materials shows that the ferroelectric phase aging effect can be eliminated by heating to the paraelectric state. 27 The origin of such annihilation of ferroelectric aging was also ascribed to the SC-SRO tendency of point defects. 28 Our simulations may also provide insight into the microscopic nature of the deaging phenomenon or "annihilation effect" in ferroelectric materials.
V. CONCLUSION
In conclusion, we have investigated the AEMA by a combination of molecular-dynamics and Monte Carlo methods. We reach the following conclusions.
͑1͒ AEMA arises from an ultrafast parent phase aging ͑or called deaging͒ process, which involves the diffusion of point defects; it is not caused by a mere diffusionless transformation.
͑2͒ The ultrafast AEMA process stems from a fast recovery of the short-range-order configuration of point defects of the parent phase to its equilibrium SRO configuration; no long-range-order change is involved during AEMA.
͑3͒ The origin of ultrafast AEMA is related to a significantly enhanced diffusion rate in the parent phase as compared with that in martensite, together with a high aging temperature compared with martensite aging. The open and high-symmetry structure of the B2 parent phase may be responsible for the fast diffusion rate in the parent phase.
͑4͒ The thermodynamic driving force for the AEMA behavior can be explained by the SC-SRO microscopic model.
